The influenza C virus genome consists of seven singlestranded RNA segments of negative polarity. RNA segment 6 (M gene) of C/Yamagata/1/88 is 1,181 nucleotides in length and has a single open reading frame (positions 27 to 1148) capable of encoding a polypeptide of 374 amino acids with a predicted M r of 42,000 (9, 35). However, the predominant mRNA transcript of this RNA segment lacks nucleotides 755 to 982 and encodes a 242-amino-acid matrix (M1) protein with an M r of 27,000. Elimination of the intron results in the introduction of a termination codon (consisting of nucleotides 753, 754, and 983) after amino acid residue 242 (9, 35). Unspliced mRNA from RNA segment 6 is synthesized in infected cells, though at very low levels (13% of spliced mRNA) (9). This mRNA species is capable of coding for a 374-amino-acid protein (P42) containing an additional 132 amino acids from the C terminus of M1 (11), which is cleaved by signal peptidase to generate CM2, composed of the C-terminal 115 amino acids, in addition to the M1Ј protein, composed of the N-terminal 259 amino acids (12, 26). The CM2 protein forms a voltage-activated ion channel permeable to chloride ions (13). Recently, it has been suggested that CM2 also has pH-modulating activity (2).
The influenza C virus genome consists of seven singlestranded RNA segments of negative polarity. RNA segment 6 (M gene) of C/Yamagata/1/88 is 1,181 nucleotides in length and has a single open reading frame (positions 27 to 1148) capable of encoding a polypeptide of 374 amino acids with a predicted M r of 42,000 (9, 35) . However, the predominant mRNA transcript of this RNA segment lacks nucleotides 755 to 982 and encodes a 242-amino-acid matrix (M1) protein with an M r of 27,000. Elimination of the intron results in the introduction of a termination codon (consisting of nucleotides 753, 754, and 983) after amino acid residue 242 (9, 35) . Unspliced mRNA from RNA segment 6 is synthesized in infected cells, though at very low levels (13% of spliced mRNA) (9) . This mRNA species is capable of coding for a 374-amino-acid protein (P42) containing an additional 132 amino acids from the C terminus of M1 (11) , which is cleaved by signal peptidase to generate CM2, composed of the C-terminal 115 amino acids, in addition to the M1Ј protein, composed of the N-terminal 259 amino acids (12, 26) . The CM2 protein forms a voltage-activated ion channel permeable to chloride ions (13) . Recently, it has been suggested that CM2 also has pH-modulating activity (2) .
In influenza A virus-infected cells, the colinear transcript from segment 7 encodes M1, and the M1 mRNA also undergoes alternative splicing to generate spliced M2 mRNA and mRNA 3 . The colinear transcript and spliced mRNA from influenza A virus segment 8 are translated into NS1 and NS2 (NEP), respectively. It has been reported that the steady-state level of spliced viral transcripts is only 10% of that of unspliced viral transcripts in influenza A virus-infected cells (15, 16) . The inefficient splicing of viral pre-mRNAs can be understood partly by the fact that influenza A virus NS1 protein is associated with spliceosomes and inhibits pre-mRNA splicing (6, 7, 17) . cis-acting sequences in the NS1 transcript also negatively regulates splicing (22) . The splicing of influenza A virus M1 mRNA is controlled by the rate of nuclear export (34) . The alternative splicing of influenza A virus M1 mRNA is regulated by the binding of the viral polymerase complex and cellular splicing factor SF2/ASF (28, 29) . In the case of influenza C virus, however, the mechanism by which influenza C virus M mRNA is efficiently spliced has not yet been clarified. Influenza C virus RNA segment 7 (NS gene) encodes two nonstructural proteins, the 246-amino-acid NS1 protein (C/NS1), encoded by a colinear mRNA transcript of the gene, and the 182-amino-acid NS2 protein (C/NS2), encoded by a spliced mRNA (1, 8, 18 ) (see Fig. 5 ). Using transfected cells, Paragas et al. (25) have demonstrated that C/NS2 possesses nuclear export activity. We recently demonstrated that C/NS2 plays a role in the nuclear export of vRNP in influenza C virus-infected cells, and that C/NS2 is incorporated into virions, where it associates with vRNP inside the viral envelope (14) . However, the role of C/NS1 in the viral life cycle remains to be determined.
In this study, we investigated the mechanism by which influenza C virus M gene-specific mRNA is efficiently spliced. The results indicate that influenza C virus NS1 protein can facilitate the splicing of viral mRNAs.
MATERIALS AND METHODS
Viruses and cells. The Yamagata/1/88 strain of influenza C virus was grown in the amniotic cavities of 9-day-old embryonated hen's eggs (36) . COS-1, CV-1, and 293T cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal calf serum.
Plasmid construction. The plasmid pCNS-5Ј3ЈF, which contains a full-length cDNA of the influenza C virus NS gene, was constructed as follows. The DNA fragment corresponding to positions 1 to 935 (mRNA sense) of RNA segment 7 of Yamagata/1/88 was prepared by PCR utilizing plasmid pCN5-8 (8), containing nucleotides 5 to 923 of the Yamagata/1/88 virus NS gene, as a template and two primers, a plus-sense primer (5Ј-dGGCTCGAGAGCAGAAGCAGGGGTACT TTTCCAAAATGTC) containing an XhoI site (underlined) followed by sequence corresponding to positions 1 to 31 and a minus-sense primer (5Ј-dGGT CTAGAAGCAGGAGCAAGGGGTTTTTTAACTTTGGAATAATAACTTA) containing an XbaI site (underlined) followed by sequence corresponding to positions 935 to 895. The PCR product was digested with XhoI and XbaI and then cloned into the XhoI and XbaI sites of pBluescript II KS (ϩ) (Stratagene) to generate pCNS-5Ј3ЈF. pCNS-5Ј3ЈF was then digested with XhoI and XbaI and subcloned into the XhoI and XbaI sites of the transient expression vector pME18S (32) to generate pME18S-WTNS, which can express the NS1 and NS2 proteins. To introduce a premature termination of translation into the NS gene, Leu residues at positions 20 and 45 were substituted into stop codons by PCR using pCNS-5Ј3ЈF as a template and mutated primers (sequences are available on request), and the resulting PCR product was digested with XhoI and XbaI and then subcloned into the XhoI and XbaI sites of pME18S to generate pME18S-L20,45stop. Plasmid pME18S-CNS1, which expressed C/NS1 alone, was constructed by substituting the donor (214-GU-215) and acceptor (525-AG-526) sites for splicing into 214-GA-215 and 525-CG-526, respectively, thereby resulting in the abolition of transcription to the C/NS2 mRNA. pT3/PR8-M containing cDNA of the M gene of the influenza A virus PR/8/34 strain, a generous gift from M. Enami, was digested with EcoRI and XbaI, and the resulting fragment was subcloned into the EcoRI and XbaI sites of pME18S to generate pME18S-AM for the analysis of influenza A virus M gene-derived mRNA. pT3/PR8-NS1 containing the NS1 coding region of the influenza A virus PR/8/34 strain (5), also provided by M. Enami, was digested with EcoRI and XbaI, and the resulting fragment was subcloned into the EcoRI and XbaI sites of pME18S to generate pME18S-ANS1 for the expression of the NS1 protein of influenza virus strain A/PR/8/34. The nucleotide sequences of all mutant cDNAs were confirmed by sequencing.
RNA purification and RNase protection assay. Total RNA was extracted from both infected and transfected cells using the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. An RNase protection assay was performed by using RNase protection assay kit RPA III (Ambion) as described previously (9), with some modifications. Briefly, a 33 P-labeled influenza C virus RNA 6-specific RNA probe (vRNA sense) was synthesized by in vitro transcription of pCM5-3ЈF (9) using a T3 promoter and hybridized with total RNA from infected cells or cells transfected with pME18S-CM, which contained a full-length copy of the influenza C virus M gene (11) , at 42°C overnight in 40 mM PIPES buffer containing 0.4 M sodium acetate, 1 mM EDTA, and 80% formamide. Hybrids were digested with RNase A (0.08 U) and RNase T1 (3 U) at 37°C for 30 min and then analyzed on a 4% polyacrylamide gel containing 4 M urea. A 33 P-labeled influenza C virus NS gene-specific RNA probe (vRNA sense) was synthesized by in vitro transcription of pCNS-5Ј3ЈF using a T7 promoter for the analysis of influenza C virus NS mRNA, and an influenza A virus M gene-specific probe (vRNA sense) was synthesized using pT3/PR8-M and a T3 promoter for influenza A virus M mRNA analysis.
Antibodies. Mouse monoclonal antibody (MAb) L2 against matrix protein M1 (31) has been described previously. Anti-glutathione S-transferase (GST)/CM2 rabbit serum was produced as described previously (9) . Anti-GST/NS2, rabbit antiserum against the C-terminal region (residues 63 to 182) of C/NS2, and anti-GST/NS1, rabbit antiserum against the C-terminal region (residues 225 to 246) of C/NS1, were also produced as described previously (1) . Primer sequences for the GST fusion proteins are available on request.
Metabolic labeling and immunoprecipitation of transfected and infected cells.
Subconfluent monolayers of COS-1 cells in 3.5-cm petri dishes were transfected with either pME18S-CM (11) .) . The transfected and infected cells were then disrupted in 0.01 M Tris-HCl (pH 7.4) containing 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 0.15 M NaCl, and a cocktail of protease inhibitors (10) and immunoprecipitated as described previously (30) utilizing anti-GST/CM2 serum and anti-M1 MAb (L2) or anti-GST/NS2 and anti-GST/NS1, respectively. The immunoprecipitates obtained were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 17.5% gels containing 4 M urea under reducing conditions and then processed for analysis by fluorography (36) .
Indirect immunofluorescent staining. HMV-II cells infected with C/Yamagata/1/88 and COS-1 cells transfected with pME18S-CNS1 were fixed with carbon tetrachloride at various times after infection and transfection, respectively. The cells were then stained by an indirect method using anti-GST/NS1 serum as the primary antibody and fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (Seikagaku Kogyo) as the secondary antibody. Photomicroscopy was performed on an Olympus VANOX microscope.
Statistical analysis. Values were expressed as means Ϯ standard deviations of n independent determinations. Comparison between groups of experimental data was performed using Student's t test or one-way analysis of variance, as appropriate, with an SPSS software package (v. 17).
RESULTS
The splicing efficiency of influenza C virus M gene-specific mRNA (M mRNA) in infected cells was higher than that in M gene-transfected cells. We previously showed that, in influenza C virus-infected cells, the predominant mRNA derived from RNA segment 6 (M gene) is spliced mRNA (9) . To examine whether M mRNA is intrinsically spliced at a higher rate in cells or whether the splicing rate is enhanced by a viral protein(s), we first analyzed M gene-transfected cells using radioimmunoprecipitation (RIP). COS-1 cells either infected with C/Yamagata/1/88 or transfected with the transient expression vector pME18S, containing full-length cDNA of the influenza C virus M gene (pME18S-CM), were labeled with [
35 S]methionine for 60 min at 26 h p.i. or 48 h p.t., and cell lysates were immunoprecipitated with anti-GST/CM2 serum or anti M1 MAb (L2). The resulting immunoprecipitates were analyzed by SDS-PAGE, followed by fluorography (Fig. 1A) . Densitometric analysis showed that the ratio of the immunoprecipitated M1 derived from spliced M mRNA to CM2 derived from unspliced M mRNA in influenza C virus-infected cells was about 10 times higher than that in M gene-expressing cells. Furthermore, to confirm these results, we also performed RIP experiments using another cell line, CV-1, infected with either C/Yamagata/1/88 or simian virus 40 recombinant virus containing M gene cDNA, which expressed the M gene alone. The ratio of M1 to CM2 synthesized in the influenza C virusinfected cells was also 10 times higher than that in the M gene-expressing cells (data not shown). Taken together, these results suggest that some viral protein(s) other than the M gene product possesses the ability to enhance the splicing efficiency of mRNA derived from the influenza C virus M gene. To rule out the possibility that the differences in the splicing efficiency of viral transcripts between infected and transfected cells resulted from differences between the RNA polymerase II-driven transcript and authentic viral transcript, M gene ex-pression in transfected cells, in which viral transcripts were generated by using RNA polymerase I-driven vector containing influenza C virus M gene cDNA, was analyzed by RIP as described above (Fig. 1B) . The ratio of M1 to CM2 in the cells transfected with the RNA polymerase I-driven vector set, in which authentic viral M mRNAs were transcribed, was similar to that in the cells transfected with pME18S-CM. Therefore, the above-mentioned possibility could be ruled out. As the transfection of many kinds of plasmids may reduce the efficiency of cotransfection in the same cell, pME18S-CM expressing the RNA polymerase II-driven transcript was used in the subsequent experiments.
To further verify the possibility that a viral protein other than the M gene translational product facilitates the splicing of M mRNA, the splicing efficiency of M mRNA in COS-1 cells either infected with C/Yamagata/1/88 or transfected with pME18S-CM was investigated by RNase protection assay using an antisense M gene-specific RNA probe as described previously (9) (Fig. 2) . We have previously demonstrated that RNase protection assays with total RNA and poly(A) ϩ RNA yielded results virtually identical to each other, indicating that the majority of the RNA 6-specific transcripts present in influenza C virus-infected cells are polyadenylated and suggesting that the amount of full-length template RNA is very small compared with that of unspliced mRNA (9) . Therefore, total RNA extracted from the cells was utilized for RNase protection assays in this study. As shown in Fig (Fig. 2B ). This result also suggests that a viral protein other than the translational product of the M gene facilitates the splicing of M mRNA. To further examine this, another cell line, 293T, was either infected with C/Yamagata/1/88 or transfected with pME18S-CM and then analyzed by RNase protection assay. The obtained data demonstrated that the splicing efficiency of M mRNA in infected cells (1.52) was also about four times higher than that in cells expressing the M gene (0.42). These data strongly suggest that a viral protein other than the M gene translational products possesses the ability to increase the splicing efficiency of M mRNA. Kinetics of M mRNA splicing in infected cells. If the hypothesis described above is indeed correct, the splicing of M mRNA will increase as the expression of viral proteins increases. To determine the kinetics of M mRNA splicing, total RNA was extracted from C/Yamagata/1/88 virus-infected cells at various times of infection and processed for RNase protection assay using an antisense M RNA probe (Fig. 3A) . As shown in Fig. 3B , the ratio of 5Ј spliced M mRNA to unspliced M mRNA was 2.03 at 12 h p.i., increasing to 3.37 at 16 h p.i. and reaching a maximum of 3.71 at 24 h p.i. This finding suggests that the accumulation of some viral proteins in the late phase of infection increased the splicing efficiency of M mRNA.
The influenza C virus NS gene translational product may upregulate the splicing of viral mRNAs. Marschall et al. (18) demonstrated that influenza C virus NS1 protein is distributed in the nucleus and cytoplasm of MDCK cells infected with persistent virus variant C/AA-pi. To further examine the intracellular localization of the NS1 protein, HMV-II cells infected with C/Yamagata/1/88 were fixed at various time points after infection and analyzed by immunofluorescent staining using anti-GST/NS1 serum (Fig. 4, upper panel) . We also observed that NS1 localized in the nucleus in the early phase of infection and was distributed in both the nucleus and cytoplasm in the late phase of infection. These data raise the possibility that influenza C virus NS1 protein plays a role in viral mRNA splicing that occurs in the nucleus. To examine whether NS1 is involved in the splicing of mRNA derived from the NS gene (NS mRNA), influenza C virus NS gene cDNA was subcloned into a transient expression vector, pME18S (designated pME18S-WTNS) (Fig. 5) , and the NS gene translational products, the NS1 and NS2 proteins, were overexpressed in COS-1 cells transfected with pME18S-WTNS. The cells were labeled with [
35 S]methionine for 30 min at 48 h p.t. and immunoprecipitated with either anti-GST/NS1 or anti-GST/NS2 serum. The resulting immunoprecipitates in two independent experiments were analyzed in comparison with those from influenza C virus-infected cells labeled at 15 h p.i., and a representative result is shown in Fig. 6 . The ratio of NS2 protein encoded by spliced NS mRNA to NS1 protein derived from unspliced NS mRNA was 2.7 times larger in transfected COS-1 cells overexpressing the NS gene products than that in infected cells. These data suggest that overexpression of influenza C virus NS1 and/or NS2 protein may enhance the splicing efficiency of its own mRNA (i.e., NS mRNA).
If this is the case, splicing of NS mRNA will increase as NS1 or NS2 accumulates in the later phase of infection. To examine this, COS-1 cells were transfected with pME18S-WTNS and the unspliced and spliced NS mRNAs were quantitated at (Fig. 7B ). This result indicates that a translational product of the NS gene, NS1 or NS2, may facilitate the splicing of NS mRNA. To confirm this, we introduced premature termination codons into Leu residues 20 and 45 of the N-terminal 62-amino-acid region, which is common to both the NS1 and NS2 coding regions (L20,45stop), to eliminate the expression of both the NS1 and NS2 proteins (Fig. 5) . pME18S containing NS cDNA with the premature termination codons (pME18S-L20,45stop) was introduced into COS-1 cells, and the splicing rate of NS mRNA therein was examined as described above (Fig. 7A , lane L20,45stop). First we confirmed that neither NS1 nor NS2 was detected by RIP and immunofluorescent staining (data not shown). The amount of spliced NS mRNA was drastically reduced in cells transfected with pME18S-L20,45stop at all times after transfection compared to that in pME18S-WTNStransfected cells, with the splicing rate of NS mRNA in pME18S-L20,45stop-transfected cells at 42 h p.t. (0.229) only 21% of that in WTNS-expressing cells (1.089) (Fig. 7B ). This Representative data from two independent experiments are shown in Fig. 8A , and the splicing ratio of NS mRNA in the cells transfected with each NS construct in the two experiments was compared (Fig. 8B) . The ratio of 3Ј spliced to unspliced NS mRNA in pME18S-L20,45stop-transfected cells at 48 h p.t.
(mean Ϯ standard deviation ϭ 0.160 Ϯ 0.015) was significantly lower than that in WTNS-expressing cells (0.932 Ϯ 0.045) (P Ͻ 0.05). This result also supports the idea that the NS gene translational products are required for the efficient splicing of NS mRNA. RNase protection assay with the cytoplasmic RNA from COS-1 cells cotransfected with pME18S-WTNS and pME18S-ANS1 expressing the NS1 protein of the influenza A virus PR/8/34 strain demonstrated that the splicing rate of influenza C virus NS mRNA (0.349 Ϯ 0.240) was drastically reduced by 63% (Fig. 8 , lane WTNSϩANS1) compared with that in WTNS-expressing cells, but there was no significant difference between two sets of transfected cells. This result reveals that this transfection system is useful and reliable since the inhibitory effect of influenza A virus NS1 protein on mRNA splicing, which has been reported (6, 7, 17) and is generally accepted, was clearly detected using this system. Influenza C virus NS1 protein may upregulate viral mRNA splicing. We recently demonstrated that influenza C virus NS2 protein (C/NS2) was localized in the nucleus only immediately after synthesis and thereafter was predominantly found in the cytoplasm during infection (14) , suggesting that C/NS2 is not likely to be involved in mRNA splicing, which occurs in the nucleus. Actually, in influenza C virus M gene-expressing cells, coexpression of C/NS2 showed no significant effect on the splicing efficiency of M mRNA (data not shown). On the other hand, the influenza C virus NS1 protein (C/NS1) was distributed in the nucleus during the early phase of infection and thereafter retained in the nucleus, even though some was exported into the cytoplasm during the late phase of infection, as described above (Fig. 4, upper panel) . From this, we hypothesized that C/NS1 potentially facilitates viral mRNA splicing that occurs in the nucleus. To study this possibility, we generated a pME18S vector expressing C/NS1 alone (pME18S-CNS1) by introducing mutations into the donor and acceptor splicing sites of NS mRNA (Fig. 5 ) and confirmed by RIP that the cells transfected with pME18S-CNS1 expressed C/NS1 but not C/NS2. We further analyzed COS-1 cells transfected with pME18S-CNS1 by indirect immunofluorescent staining as described in Materials and Methods. C/NS1 was localized predominantly in the nucleus at 12 h p.t. and distributed in both the nucleus and the cytoplasm from 24 to 36 h p.t. Some portion of the NS1 protein was retained in the nucleus even at 48 h p.t., although most of the NS1 protein had been exported to the cytoplasm (Fig. 4, lower panel) . These data suggest that C/NS1 intrinsically localizes in the nucleus. We next investigated the role of C/NS1 in the splicing of M gene-specific mRNA by cotransfection with pME18S-CNS1. COS-1 cells were either transfected with pME18S-CM alone or cotransfected with both pME18S-CM and pME18S-CNS1, and the splicing rate of M mRNA was examined by RNase protection assay using an antisense M gene-specific RNA probe (Fig. 9A) . The splicing ratio of 5Ј spliced to unspliced M mRNA increased in a dose-dependent manner with increasing expression of C/NS1 by up to 80% (Fig. 9B, Rather, it is suggested that the influenza C virus NS1 protein is able to enhance the splicing efficiency of viral mRNAs. To confirm this notion, COS-1 cells cotransfected with both pME18S-CM and pME18S-CNS1 at a ratio of 1:2 were analyzed in four independent RNase protection assay experiments (Fig. 9C) . The ratios of 5Ј spliced to unspliced M mRNA in the cells (1.333 Ϯ 0.188) was significantly higher than that (1.079 Ϯ 0.078) in cells cotransfected with pME18S-CM and the pME18S vector as a control (P Ͻ 0.05), indicating that the influenza C virus NS1 protein is able to enhance the splicing efficiency of influenza C virus M mRNA. By contrast, the splicing ratio observed in cells cotransfected with pME18S-CM and pME18S-ANS1 in three independent experiments (0.561 Ϯ 0.196) was significantly lower than that in cells expressing influenza C virus M mRNA alone (1.079 Ϯ 0.078) (P Ͻ 0.01), confirming that influenza A virus NS1 inhibits mRNA splicing.
Influenza C virus NS1 protein can facilitate the splicing efficiency of influenza A virus M gene-specific mRNA. We further examined whether C/NS1 can upregulate the splicing of mRNAs of influenza A virus, in which the functions of A/NS1 have already been extensively studied. pME18S-AM (0.33 g) containing cDNA of the M gene of influenza A/PR/ 8/34 was introduced into COS-1 cells with either 0.67 g of pME18S alone, 0.67 g of pME18S-CNS1, or 0.67 g of pME18S-ANS1, and mRNAs derived from the influenza A virus M gene were analyzed by RNase protection assay using an antisense probe specific for the influenza A virus M gene in two independent experiments (Fig. 10) . The splicing rate of 3Ј spliced to unspliced mRNAs of the influenza A virus M gene was increased by 81% in cells coexpressing influenza C virus NS1 (lane AMϩCNS1; 2.672 Ϯ 1.678) compared with that in cells expressing the influenza A virus M gene alone (lane AMϩvector; 1.472 Ϯ 0.267), whereas it was reduced by 34% by the coexpression of influenza A virus NS1 (lane AMϩANS1; 0.974 Ϯ 0.034). However, there were no statistically significant differences in splicing rates between these transfected cells. These data further demonstrate that influenza C virus NS1 facilitates mRNA splicing, whereas influenza A virus NS1 inhibits it.
DISCUSSION
In influenza A virus-infected cells, splicing is controlled so that the steady-state amount of spliced mRNAs is only 5 to 10% of that of unspliced mRNAs (15, 16) . The mechanisms by which influenza A virus NS pre-mRNAs are poorly spliced have been investigated and the following confirmed. Influenza A virus NS1 protein associates with spliceosomes and inhibits pre-mRNA splicing (6, 17) . Two cis-acting sequences in the NS1 transcript (positions 153 to 465 in the intron and positions 775 to 860 in the 3Ј exon region) inhibit splicing (22) . The splicing of influenza A virus M1 pre-mRNA is controlled by the rate of nuclear export (34) . The alternative splicing of influenza A virus M1 pre-mRNA is regulated by the binding of the viral polymerase complex and cellular splicing factor SF2/ ASF (28, 29) . By contrast, influenza C virus M gene-specific mRNA (M mRNA) is efficiently spliced in influenza C virusinfected cells (9) . In this study, we examined the mechanism by which influenza C virus M mRNA is efficiently spliced and the regulatory mechanism of the splicing of NS gene-specific mRNA (NS mRNA).
The introduction of a premature translational termination into the influenza C virus NS gene, thereby blocking the synthesis of the influenza C virus NS1 (C/NS1) and NS2 (C/NS2) proteins, drastically reduced the splicing rate of NS mRNA ( Fig. 7 and 8) . We further examined whether C/NS1 potentially facilitates viral mRNA splicing. The splicing rate of M mRNA of influenza C virus was increased by coexpression with C/NS1, whereas it was reduced by coexpression with influenza A virus NS1 protein (A/NS1) (Fig. 9) . The splicing of influenza A virus M gene-specific mRNA was also increased by coexpression with C/NS1, though it was inhibited by coexpression with A/NS1 (Fig. 10) . These results suggest that influenza C virus NS1 can facilitate viral mRNA splicing but in no way inhibit it, which is in striking contrast to the inhibitory effect of influenza A virus NS1 on pre-mRNA splicing (6, 7, 17) .
As shown in Fig. 7 and 8, NS mRNA was rarely spliced when neither C/NS1 nor C/NS2 was expressed. However, in cells transfected with pME18S-CM, influenza C virus M mRNA was spliced to some extent ( Fig. 2 and 9 ). These data raise the possibility that influenza C virus NS mRNA possesses a cis element(s) that negatively regulates splicing. Alternatively, the possibility exists that M mRNA has a cis-acting sequence(s) that upregulates splicing.
Shih and Krug (29) suggested that the cellular splicing factor SF2/ASF binds to the purine-rich splicing enhancer sequence located in the 3Ј exon of the influenza A virus M1 mRNA and activates splicing to yield M2 mRNA on the basis that the amount of M2 protein synthesized in different cell lines infected with influenza A virus is proportional to the amount of cellular SF2/ASF splicing factor present in the cell line. In the case of influenza C virus-infected cells, there was no substantial difference in the splicing rate of influenza C virus M mRNA among MDCK, HMV-II (data not shown), COS-1, and 293T cells (Fig. 2) , suggesting that the cellular SF2/ASF splicing factor is not likely to regulate influenza C virus M mRNA splicing.
We have not yet determined whether the potential effect of C/NS1 on splicing has specificity for viral transcripts or is general. To address this question, either an in vitro splicing system using model pre-mRNA or cotransfection of a C/NS1-expressing vector with constructs expressing model pre-mRNA should be performed in the future. The mechanism for splicing enhancement by C/NS1 also remains to be determined. We speculate that C/NS1 may interact with some host proteins involved in splicing, thereby leading to an upregulation in splicing, or that C/NS1 may bind to pre-mRNA, increasing its accessibility to the spliceosome.
It has been recently reported that the expression of influenza A virus NS1 did not alter the stability of colinear or spliced NS mRNAs encoding NS1 and NEP (NS2), respectively (7) . In this study, the expression of C/NS1 increased the ratio of spliced to unspliced mRNAs, indicating that the expression of C/NS1 enhances the splicing of viral mRNA. However, if C/NS1 has the potential to increase the stability of spliced mRNAs rather than unspliced mRNAs, similar results might also be obtained. To rule out this possibility, it remains to be determined whether the expression of C/NS1 could alter the stability of unspliced or spliced mRNAs.
The spliced mRNA of the influenza C virus M gene encodes the M1 protein, which plays an important role in virus formation and determines virion morphology (20, 21, 23) . Therefore, it is speculated that the mechanism for efficient splicing of M mRNA, which provides the M1 protein necessary for virus assembly in a redundant amount, has been maintained in the influenza C virus. By contrast, unspliced mRNA from the influenza C virus M gene encodes the CM2 ion channel, which is permeable to chloride ions (13) , and also has pH-modulating activity (2) . The influenza A virus M2 protein, encoded by the spliced mRNA derived from segment 7, plays an important role in uncoating the influenza A virus by inducing the translocation of protons from the endosomal lumen into the virion interior to disrupt acid-labile M1-vRNP interactions, thereby releasing vRNP into the cytoplasm (3, 19) . M2 ion channel activity is also thought to raise the pH of the trans-Golgi network, preventing conformational changes of the acid-sensitive hemagglutinin (HA) of some H7 and H5 subtypes (4, 24, 33) . Although the role of the influenza C virus CM2 ion channel in virus replication remains to be determined, it is conceivable that the overexpression of the CM2 protein has a deleterious effect on virus replication since the fact that a high level of influenza A virus M2 protein expression inhibits the rate of intracellular transport of the influenza A virus HA protein and other integral membrane glycoproteins has been demonstrated (27) . If this is the case, efficient splicing of M mRNA may control the amount of CM2 synthesized to optimize virus replication. Therefore, we speculate that efficient splicing of M mRNA leads to a high level of M1 expression and the reduced expression of CM2, thereby creating conditions that are optimal for virus replication.
In this study, we provided evidence that C/NS1 facilitates the splicing of M mRNA. Furthermore, C/NS1 may regulate the splicing efficiency of its own NS mRNA during infection, controlling the amount of C/NS1 and C/NS2 proteins in infected cells. C/NS2 plays an important role in the nuclear export of vRNP (14, 25) , is also associated with vRNP in the later stages of infection in virus-infected cells, and is incorporated into virions (14) , suggesting that C/NS2 is involved not only in the sorting of vRNP into the assembly site but also in virus assembly. Therefore, it is likely that there is a mechanism by which an appropriate amount of C/NS2 is provided during infection to accomplish these functions. Actually, the rate of synthesis of C/NS2 reached a maximum by 14 h p.i. and the maximum rate of C/NS2 synthesis continued up to 48 h p.i., with C/NS2 continuing to be accumulated in the infected cells up to 3 days p.i. (14) . By contrast, the rate of C/NS1 synthesis reached a maximum by 14 h p.i., continued at the maximum rate up to 24 h p.i. before decreasing by 30 h p.i. (data not shown). These findings can be explained by the mechanism in which the expressed C/NS1 promotes the splicing of its own mRNA, resulting in the lower expression of C/NS1 and the greater expression of C/NS2 in the later phase of infection. In conclusion, C/NS1, which enhances the splicing of viral mRNA, may reg- 
